Atom-like defects in two-dimensional (2D) hexagonal boron nitride (hBN) have recently emerged as a promising platform for quantum information science. Here we investigate single-photon emissions from atomic defects in boron nitride nanotubes (BNNTs). We demonstrate the first optical modulation of the quantum emission from BNNTs with a near-infrared laser. This one-dimensional system displays bright single-photon emission as well as high stability at room temperature and is an excellent candidate for optomechanics. The fast optical modulation of single-photon emission from BNNTs shows multiple electronic levels of the system and has potential applications in optical signal processing.
Single-photon emitters (SPEs) are playing a key role in the route towards future quantum technologies such as quantum communication and quantum computing. Many solidstate SPEs have been explored, including quantum dots, carbon nanotubes, two-dimensional materials and color centers in crystals [1] . They show potential in on-chip fabrication and integration which enable scalable structure for quantum information processing. Recently, ultra-bright SPEs from point defects in 2D hexagonal boron nitride (hBN) with mono-and multilayers were discovered [2] . As a well-suited platform for room-temperature quantum emission, 2D hBN has attracted a plethora of studies, including photoluminescence spectra distributed over a wide range [3] [4] [5] [6] [7] , stable quantum emission at up to 800K [4, 8] , and other properties [2, [9] [10] [11] [12] . Moreover, a recent work reported single photon emission from bundles of boron nitride nanotubes (BNNTs) with an average diameter of 5 nm [13] . It reports bleaching under 532 nm excitation, and notes the bleaching can be alleviated with N,N'-Dimethylacetamide (DMAc) solutions and indium tin oxide (ITO) substrates [13] .
A BNNT can simply be seen as a rolled boron nitride sheet [14, 15] . They are structurally similar to carbon nanotubes, but have wide band gaps (5.95 eV), and high thermal and chemical stabilities [15] . With these features, BNNTs emerge as a natural candidate for nanotube-based nanodevices and protective shields, especially in hazardous and extreme environments [16] . Compared to 2D hBN, a BNNT will allow us to explore the effects of dimension and curvature on the quantum emitters embedded inside. The optically active SPEs in low dimensions will also open up opportunities in quantum technologies with opto-mechanical resonators or other hybrid systems [17] [18] [19] [20] [21] .
In this work, we identify and study single photon emissions from point defects in BNNTs with an average diameter of 50 nm. Thanks to their intrinsic curvature, 50-nm-diameter BNNTs host abundant SPEs comparing to 2D hBN. We observe * Equal contribution † tcli@purdue.edu that their SPEs are much more stable than those in bundles of 5-nm-diameter BNNTs. Finally, we implement optical modulation of the fluorescence from the BNNTs by applying a near-infrared (NIR) laser with a wavelength of 1064 nm.
We use a home-built confocal microscope to selectively excite point defects in the 50 nm diameter BNNTs, as shown in Fig.1.(a) . We dilute the BNNT powder in an ethanol solution and disperse it on a glass slide. The color centers are pumped to the excited state with a 300µW 532 nm continuous-wave (CW) laser focused through an air objective lens with an NA Obj. . We notice that some parts of the nanotubes are arched, rather than being completely attached to the substrate surface. The nanotubes with a bent structure tend to have more defects. The confocal images ( Fig.2.(c)-(d) ) are taken by collecting the fluorescence from the defects excited with a 532 nm sub-bandgap pump laser.
To demonstrate that the collected signal in the confocal photoluminescence map comes from a SPE, we measure the second-order autocorrelation functions g 2 (τ ) using a Hanbury Brown and Twiss interferometry setup. The results are shown in Fig.2 .(e)-(f). Both autocorrelation curves show g 2 (0) < 0.5, proving that both point defects are SPEs. The autocorrelation functions were fit by a three-level model [2, 23, 24] ,
where parameters τ 1 and τ 2 are the lifetimes of the excited state and the metastable state, respectively. a is the fitting parameter. From the first emitter, we obtain g 2 (0) = 0.28 and the fluorescence lifetimes extracted from the fitting of the g 2 (τ ) curve are τ 1 = 3.6 ns and τ 2 = 271.8 ns. The other emitter has g 2 (0) = 0.38 while the fitting yield lifetimes of τ 1 = 5.9 ns and τ 2 = 321.3 ns. The fluorescence lifetimes vary largely among different samples. This could be due to local strains in the BNNTs. In addition, the diameter of BNNTs is much smaller than the wavelength of the excitation laser, which may cause nano-antenna effects that affects the lifetimes [13, 25] . Nevertheless, considering the uncertainty in the fittings, the measured lifetimes are consistent with the results for SPEs in hexagonal boron nitride monolayers [2] .
For characterization of the defect, we record the photoluminescence spectra of each quantum emitter (presented in Fig.2.(g)-(h) ). Both emitters have broad features and asymmetric line shapes in the spectra. These could be due to phonons in the nanotubes and background emissions. The peaks for the two emitters are found at 571 nm and 569 nm, respectively, presumably attributed to the zero phonon line (ZPL) of the defects. Based on the ZPL classification defined in [3] , the defects in our BNNTs belong to Group 1 and the fluorescence agrees well with the features of the spectra.
A previous study on bundles of BNNTs with an average diameter of 5 nm reported obvious bleaching under 532 nm excitation and it used DMAc solutions and ITO substrates to resolve bleaching [13] . On the contrary, in our experiment, we simply dilute the 50 nm BNNTs in an ethanol solution and disperse them on a glass slide. The single-photon emissions from our sample are stable for over 20 minutes under the 532 nm excitation. Besides, we notice that some parts of the nanotubes are arched in air instead of being adhered onto the substrate. Stable photon emissions are also observed in those arched sections. Therefore, in our sample, we surmise that the stability of the emission has little to do with the substrate material. To investigate the stability of the point-like defects in BNNTs, we maintain a constant pumping beam and track the photon number for 500 seconds as shown in Fig.2 .
(i)-(j).
We find that the photon numbers vary less than 20% for 500s, which proves the stability of photon emissions [2, 7, 8] . For comparison, we have also conducted experiments on BNNT samples with an average diameter of about 5 nm under the same condition, on both ITO and glass substrates. It is much more difficult to find a SPE and the emissions are very unstable under the 532 nm illumination. Most of them bleach within 10 seconds. This is consistent with former results [13] and is likely due to a much larger curvature in 5-nm-diameter BNNTs.
For further advancements in photonic devices and quantum signal processing with SPEs, realization of optical transistors has been pursued and implemented in several systems. Previously, optical transistors have been realized in several systems including photonic crystals [26] , optomechanical resonators [27] , single molecules [28] and single nitrogen-vacancy (NV) centers in nanodiamonds [29] . Similar to NV centers in nanodiamonds, SPEs in hBN have been proved to be stable at room temperature, but their energy levels are still an open question. Several theories and calculations of possible energy levels are available based on the measured spectra from quantum emitters [2, 3, 5, 11, 12] . The optical modulation of SPEs in BNNTs with a NIR laser will not only create optical transistors but can also provide additional information about the possible energy levels of SPEs in BNNTs.
We perform the optical modulation of SPEs in the same 50 nm diameter BNNT sample deposited on a glass slide. An additional 1064 nm laser beam is superimposed onto the excitation laser for the modulation of the photon emission. Fig.3.(a) shows the schematics for the optical modulation of BNNTs, similar to the scheme for the NV centers of nanodiamonds in [29] . With a CW 532 nm pump laser, the point defect in BNNTs show stable fluorescence as shown in Fig.2.(i)-(j) . Simultaneously, the non-resonant NIR laser is applied and drives the excited state to the dark state, which is brought back to the ground state through non-radiative decay. Therefore, the NIR beam serves as a control laser which reduces the fluorescence signal from the quantum emitters. Furthermore, controlled with an AOM, the NIR beam is modulated to a square pulse and the number of the emitted photons from the color center follows an opposite pattern.
To begin with, we examine the pulse shape of the 1064 nm laser controlled with the AOM as shown in Fig.3.(b) . The total span of the recorded data is 20 µs while the modulated square pulse has a period of 5 µs. The pulse shape here is described by the number of photons collected from the back reflection and is normalized. Due to background noise, the measured minimum amplitude for the pulse is not zero.
Next, we investigate the effect of the NIR illumination on the fluorescence from the color centers in the BNNTs. For the excitation, a 532 nm pump beam with a constant power of 300 µW is used and the maximum power of the 1064 gating laser is 800 mW before the objective lens. The time-resolved fluorescence from the BNNTs is measured by continuous tracking of the photon numbers received at the single photon counter. With the modulated NIR laser and the constant green laser, we observe the obvious modulation of the fluorescence evolution in three different SPEs, which are demonstrated explicitly in Fig.3.(d)-(f) .
For comparison, we repeat the procedures above with NV centers in nanodiamonds with an average diameter of 40 nm. The power used for the green and NIR lasers are kept the same and is modulated with the same pulse shape as above. Fig.3.(c) shows the optical modulation of NV centers in the nanodiamonds. In our system, we were able to achieve up to 60% modulation of a NV center fluorescence, which is comparable to the 80% modulation reported in [29] . The BNNTs, on the other hand, showed an optical modulation of 10% to 20%. The lower modulation depth may be attributed to shorter lifetimes of SPEs in BNNTs [3, 30] . The negative charge state (NV − ) in nanodiamonds has an average lifetime of about 20 ns [31] while the measured lifetime in BNNTs ranges from 3 ns to 5 ns. Therefore, the fluorescence process is much faster in BNNTs than that of NV centers in nanodiamonds. Because of the shorter lifetime of the excited state |e in BNNTs, it will be more difficult to pump it from |e to the dark state with a NIR laser. Meanwhile, the quantum emission in BNNTs should have a shorter response time and accordingly a faster optical modulation. However, in our current experimental system, the modulation speed is limited by the response time of our AOM, which is about 1µs. With improved experimental devices, the modulation limit of about 5 ns for the material should be achievable.
In conclusion, we investigate the quantum emission from boron nitride nanotubes. Results prove that BNNTs with a diameter of about 50 nm is a platform for stable SPEs at room temperature. The high quality of the quantum emission and the 1D nature of BNNTs provide potential applications in quantum technologies and hybrid optomechanics. More importantly, we achieve the fast optical modulation of the single photon emission from the BNNTs at room temperature. The ability to control the signal from a 1D single photon source will enable a foundation for single photon signal processing in integrated nanophotonic systems. 
